WVith the technical assistance of R. Mi. Sanders I N PREVIOUS papers we have described the presence of vasoconstrictor and vasopressor activity in dialyzed renal and peripheral venous plasma of patients with arterial hypertension.1' 2 Plasmua from such patients caused a contraction of the rabbit aorta strip) and elevated the blood pressure of nephrectomized cats. Evidence has also been presented. that an enzyme with the characteristics of "renin" is responsible for the vaasoaetivity of the plasma and that it reacts with renin-substrate to form a product that has the properties of angiotensin. [1] [2] [3] [4] In this paper a method for the quantitative determination of renin in human plasma is described. In addition, further data are presented showing that the renin-angiotensin system is responsible for activity being assayed. The method is based on measuring the amount of the reaction product, anlgiotensin II, produced by the incubation of dialyzed plasma under standardized conditions. Reninsubstrate (angiotensinogen) is also measured because the amount of angiotensin formed by renin depends upon the amount of substrate present in*the plasma. Converting enzyme is preseint in excess in the plasma; so it is not a limiting factor.5 6
I N PREVIOUS papers we have described the presence of vasoconstrictor and vasopressor activity in dialyzed renal and peripheral venous plasma of patients with arterial hypertension.1' 2 Plasmua from such patients caused a contraction of the rabbit aorta strip) and elevated the blood pressure of nephrectomized cats. Evidence has also been presented. that an enzyme with the characteristics of "renin" is responsible for the vaasoaetivity of the plasma and that it reacts with renin-substrate to form a product that has the properties of angiotensin. [1] [2] [3] [4] In this paper a method for the quantitative determination of renin in human plasma is described. In addition, further data are presented showing that the renin-angiotensin system is responsible for activity being assayed. The method is based on measuring the amount of the reaction product, anlgiotensin II, produced by the incubation of dialyzed plasma under standardized conditions. Reninsubstrate (angiotensinogen) is also measured because the amount of angiotensin formed by renin depends upon the amount of substrate present in*the plasma. Converting enzyme is preseint in excess in the plasma; so it is not a limiting factor.5 6 All the components for the formation of angiotensin IT are present in plasma: renin, renin-substrate, and converting enzyme. 3 These are all proteins, and therefore do not pass through the dialyzing membranes. Coinsequently, by dialysis it is possible to remove (13 C.) for 18 to 20 hours. Dialysis has also been done in a cold room at 4 C. against 4 liters of 0.01 M phosphate buffer at pH 5.5 and 7.4. When aliquots of the same plasma were treated in these three different ways, no significant difference in the renin content was found.
After dialysis, the plasma was transferred to a centrifuge tube and adjusted again to pH 5.5 and centrifuged. The insoluble proteins were discarded and the supernatant fluid was made isotonic by the addition of 0.26 nil. of saturated sodium chloride solution for each 10 ml. of plasma. The resultant product was stored in a frozen state. Assay Methods Two preparations were employed for the measurement of angiotensin-a spirally cut strip of rabbit aorta6 7 and a 2-dav nephrectomized, pithed cat.8 The former is quite useful for plasmas of low renin content and for screening plasmas for the presence of renin. The latter is used for the assay of renin-substrate as well as for plasmas of high renin content.
In order to obtain a high degree of sensitivity, the aorta has to be handled with care. Rabbits Circulation, Volume XX VII, June 1963 weighing 5 to 7 lb. are killed by a blow on the back of the neck and bled by severing the neek vessels. The descending thoracie aorta is removed and placed in a Petri dish containing Krebs bicarbonate solution at room temperature. Excessive fat aiid connective tissue are trimmed off with iris scissors. The whole length of the aorta is then cut along a close spiral into strips approximately 4 to 5 mm. in width. For the assay, strips 45 to 50 mm. in length (unstretched) are used. With the aid of stainless-steel hooks, they are mounted in a muscle chamber of 20-ml. capacity. The bath is maintained at 37.5 C. The isotonic lever is adjusted to give a nine-fold amplification and is counterweighted to exert 4-Gm. tension on the strip. Throughout these procedures, undue stretching of the muscle is avoided.
The Krebs solution used in the muscle chamber has been modified by doubling the potassium chloride concentration and by the addition of 10 mg. per liter of di-sodium salt of ethylenediaminetetraacetic acid (EDTA) . The latter chemical without interfering with electrolyte balance of the Krebs solution prevents the tetany that occurs only rarely in some sensitive muscle preparations.
Angiotensin Standard
The angiotensin was prepared from hog renin and hog renin-substrate. It Before the quantitative method for determination of "renin" in human plasma is described, further evidence will be presented that the enzymatic activity we are measuring is "renin." Plasma dialyzed and treated in the manner described contains at least folur Circulation, Volume XXVII, June 1963 factors: renin, renin-substrate, converting enzyme, and angiotensinase. Any treatment that modifies any of these components will alter the amount of angiotensin formed. Since the amount of angiotensin produced is the index of renin activity, care must be taken in planning and interpreting experiments designed to compare the characteristics of "renin" released into the blood stream with '"renin" extracted from kidney tissue. In the following sections, the characteristics of the "renin" in human plasma are described.
Optimal pH for Activity of "Renin" in Human Plasma
In the preparation of plasma for assay, " angiotensinase" was not removed because we wished to modify the plasma as little as possible. The presence of this enzyme could modify the optimal pH for the formation of angiotensin. In order to determine the optimal pH, "active" dialyzed plasma from a patient with arterial hypertension was incu- Figure 1 Constrictor activity of dialyzed human plasma incubated for 1 hour at 37 C. at pH units shown in abscissa. Assaiy on aortic strip. Previously it has been shown with unineubated plasma that the constrictor activity as assayed on the aortic strip paralleled the pressor activity tested by intravenous injection in the nephrectomized-pithed cat preparation. To determine whether the incubation product behaved in the same way a similar experiment was done with an "active" plasma from a patient with hypertension. The reaction product was assayed by intravenous injection in a 2-day-postnephrectomized cat. Three milliliters of plasma were mixed with an equal volume of 0.9 per cent sodium chloride solution and the pH of the mixture was adjusted with hydrochloric acid or sodium hydroxide from pH 4.5 to 8.5 in increments of 1.0 pH.
In this experiment, the samples were incubated for 2 hours at 37 C. and at the end of the incubation all samples were adjusted to pH 5.5 and boiled 10 minutes. The coagulated protein was remuoved by centrifugation and 1.0 ml. of the clear supernatant fluid, equivalenit to 0.5 ixil. of original plasma, was used for the assay. The pressor activity of these incubation mixtures is illustrated in the kymograph record in figure 2. The greatest response was at pH 5.5, the pressor activity of 1 ml. of original plasma being equivalent to 0.50 A.U. figure 3 . The greatest response was at pH 5.5 . These experiments show that the "renin-like" enzyme in plasma from patients with arterial hypertensioni has the same pH dependence as renin prepared from human kdneys.
Optimal pH of Angiotensinase in Human Plasma
In order to determine the relationship of these findings to angiotensinase, the angiotensinase activity of a nonhemolyzed, dialyzed plasma was determined in the same pH range as used previously to find the optimal pH for angiotensin formation. For these experiments an iinactive human plasma was chosen which, when incubated for 1 hour at pH 5.5, did not form pressor substances. To 2-ml. aliquots of this plasma an equal volume of angiotensin in 0.9 per cent sodium chloride solution, containing 2.0 angiotensin units, was added and the mixture incubated for 1 hour at 37 C. At the end of an hour, after being adjusted to pH 5.5, the samples were boiled to stop the reaction. After centrifuging, the supernatant fluid was assayed in a cat. The results are shown in figure 4 . The greatest angiotensinase activity was at pH 7.5. These results are of the same order as found by Munoz et al.9 for the angiotensinase in ox blood.
Optimal pH Activity of "Renin" in an Angiotensinase-Free System
The optimal pH of renin on ox globulin, according to Munoz and colleagues,9 is between 7.5 and 8.5. Obviously, this is quite different from the values reported in this paper for dialyzed human plasma. In our laboratory, as in many other laboratories, we routinely have used pH 7.4 for renin assays. In most instances the absence of angiotensinase in both the renin and renin-substrate has been determined by ineubating these preparations with angiotensin at pH 7.4. Whereas plasma angiotensinase is active between pH 7 and 8, in kidney tissue an angiotensinase with an optimal activity at pH 4 .0 has been demonstrated as well as one with the same optimal activity as that in plasma.10 To determine the true pH dependence of renin activity, it is necessary to ascertain the amount of angiotensinase present in both the renin and reninsubstrate at the pH levels at which the incubations are conducted.
Because of loss of renin substrate in human plasma when angiotensinase was destroyed, hog renin and hog renin-substrate were used as a model.
The angiotensinase content of both the standard hog renin and hog renin-substrate preparations was assayed at pH 4.5 to 8.5 in increments of 1.0 pH unit. The assay was done, as described earlier, for the angiotensinase in dialyzed human plasma. For controls, angiotensin was mixed with the renin or renin-substrate, boiled immediately, then incubated at pH 5.5 for the same length of time as the mixtures being assayed. As shown in figure 5 the renin was free from angiotensinase. Only small amounts of angiotensinase were present in the renin-substrate at the higher pH values. To determine whether the angiotensinase content of the plasma could be lowered without loss of activity , an "active" plasma was adjusted to pH 3.9 with phosphoric acid and incubated at 37 C. for 20 minutes. The plasma was from the same patients on whom the data in figure 2 were obtained. After an equal volume of saline was added to this plasma, aliquots were adjusted to pH 5.5, 6.5, and 7.4 and incubated for 2 hours at 37 C. The reaction was stopped by boiling as described earlier. The differential between the amount of angiotensin formed at the different pH levels was decreased compared to that of untreated plasma, indicating a decreased angiotensinase content at the higher pH levels. One milliliter of plasma at pH 5.5 caused a rise in mean pressure equivalent to 0.56 A.U./ml., at pH 6.5 to 0.46 A.U., and at pH 7.4 to 0.42 A.U. The untreated plasma, after incubation for 2 hours at pH 5.5, had an activity equivalent to 0.68 A.U./ ml. Because of this loss of activity at pH 5.5, further efforts were not made to destroy angiotensinase in plasma that was to be assayed quantitatively. The angotensinase content of a small series of inactive and "active" plasmas was determinied. No kidney extracts containing 60 times as much renin activity as a rat kidney extract caused only an insignificant rise in blood pressure when given intravenously to a pithed rat conipared to the rise produced by rat renin. Furthermore, vwhen human renin was inieubated with rat plasma in vitro, only a very small quantity of angiotensin was formed. The following experiment was done to determine whether the enzyme in human plasma with the characteristics of renin reacted in the same way as renin prepared from human kidneys. The substrates were dialyzed plasmas from a nephrectomized cat and rat and from Circulation, Volume XXVII, JIunC 1963 a patient with chronic glomerulonephritis. The cat plasma was included because earlier' we had demonstrated that unincubated plasmas from patients with arterial hypertension would cause an elevation in pressure when injected intravenously in a pithed-nephrectoinized cat. All of these samples when incubated for 1 hour at 37 C. at pH 5.5 caused no constriction of the aortic strip. Then 0.25 ml. of an " active " plasma from a patient with hypertension was added to 0.75 ml. of each of the substrates. For a control, 0.25 ml. of the "active " plasma was diluted with 0.75 ml. of 0.9 per cent sodium chloride solution. All samples were adjusted to pH 5.5 and incubated for 1 hour at 37 C. At the end of the incubation, the samples were frozen rapidly. The constrictor activity was tested in the aortic strip using 0.8 ml. of the sample. The contraction of the strip to the mixtures was as follows:
Angiotensin II (0.09 A.U.) 27 mm.
Control "active" human plasma "Active" human plasma + rat plasmna 14 mm. "Active" human plasma + cat plasma 24 mm. "Active" human plasma + "inactive" plasma 25 mm.
The specificity of angiotensinase-free human renin prepared from kidneys was tested on inactive plasma from the same species. The renin substrate concentration of the rat plasma was 18 A.U./ml., that of the cat and human plasma was 6.4 A.U./ml. To 1 volume of the plasmas at pH 5.5 an equal volume of saline containing approximately 0.006 G.U./ ml. of plasma was added and the mixtures were incubated for 1 hour at 37 C. The reaction was stopped by boiling. The amount of angiotensin was as follows:
Human renin + rat plasma 0.27 A.U./ml. Human renin + cat plasma 2.0 AXU./ml. Human renin + human plasma 2.0 A.U./ml.
These experiments show that renin in "active" human plasma has the same specificity as that of renin prepared from human kidneys.
Temperature Coefficient
Early in the work it was found that incubation of "active" plasma at pH 5.5 at 4 C.
Circulation, Volume XXVII, June 1963 for 24 hours resulted in insignificant vasoactivity compared to incubation at 37 C., a characteristic of human renin.12 However, this difference was not quantitated.
To calculate the velocity constant of the renin in "active" plasma, samples of renal venous plasma were incubated at pH 5.5 at 5 C. for 24 hours and at 37 C. for 2 hours.
For comparison, an "inactive" plasma was incubated with a dilute solution of human renin at 5 and 37 C. under the same conditions as above. The results were as follows:
"Active" plasma at 5 C. for 24 hours at pH 5.5
Angiotensin formed -0.05 A.U./ml. Renin-substrate = 9.6 A.U./ml. K = 0.000332 X 10-2 "Active" plasma at 37 C. for 2 hours at pH 5.5 Angiotensin formed = 0.68 A.U./ml. Renin-substrate = 8.0 A.U./ml. K = 0.074 x 10-2
The velocity of the reaction was 220 times faster at 37 C. than at 5 C.
Results for "inactive" plasma plus human renin were as follows: At 5 C. for 24 hours at pH 5.5 Angiotensin formed = 0.05 A.U./ml.
Renin-substrate = 7.3 A.U./ml. K = 0.000487 X 10-2 At 37 C. for 1 hour at pH 5.5 Angiotensin formed = 0.375 A.U./ml. Renin-substrate = 6.4 A.U./ml. K = 0.1014 X 10-2
The velocity of the reaction was 210 times faster at 37 C. than at 5 C. The data show that the renin-like enzyme in plasma has the same temperature coefficient as human renin prepared from kidney tissue. A.U./ml. to 6.6 A.U./ml.; whereas, inactive plasma treated in the same way showed no reduction in renin-substrate.
Nature of the Heat Stable Vasoactive Factor Liberated by the Incubation of Human Plasma
In earlier papers, we have showin that the physical and pharmacologic properties of the vasoactive polypeptide in every way tested were identical to angiotensin." 3, 4 The rate of inactivation of this polypeptide by kidney and red-cell angiotensinase, as well as by trypsin and chymotrypsin, was the same as that for purified angiotensin. The dependence on a chloride-activated enzyme (converting enzyme) for constrictor activity on the aortic strip identifies the polypeptide with angiotensin.3
Summary of Evidence for the Presence of Renin in Human Plasma
The renin-like enzyme in human plasma is of renal origin, that is, the eoncentration of this substance is higher in renal venous blood than in peripheral blood.
It has the following characteristics whieh are the same as those in human renin: the same specificity to rat, cat, and human plasma, the same temperature coefficient, the same alkali stability, the same pH dependency, and splits renin-substrate.
K
The demonstration of the converting enzyme and the presence of angiotensin I and II are further proof that the renin-angiotensin system is responsible for the vasoactivity of h-uman plasma from patients with hypertension.
In addition, the physical and pharmacologic properties of the polypeptide formed by incubation of human plasma in every way tested are identical to angiotensin.
Quantitative Determination of Renin Content of Plasma
With the great variation in the renin-substrate concentration in plasma of subjects with arterial hypertension, any attempt at quantitation of renin in the plasma must take this factor into consideration. The first order reaction constant in the form used by Plentl and Page14 for the assay of renin, When an " active " plasma was incubated without the addition of renin for 0.5, 1, and 2 hours at pH 5.5 at 37 C., the values obtained were:
A.U./ml. Most of the renin-substrate eoncentrations found in human plasma fall in the range of 5 to 15 A.U./ml., so three plasmas in this range were incubated with 0.001 G.U. of angiotensinase-free human renin per ml. of dialyzed plasma at pH 5.5 for 1 hour at 37 C. as before. This amount of renin was chosen because the majority of the renin concentrations found in human plasma fall below this value. The following values were obtained: Since some plasmas from renal veins of the involved kidneys in renal vascular occlusive disease have higher renin contents, a similar experiment was done with a higher concentration of renin (0.003 G.U./ml. of plasma). Only one renal vein plasma had a renin value higher than 0.003 G.U./ml. The renin-substrate concentration was varied from 5.6 to 17.8 A.U./ml. (eight different concentrations). The mean of the K x 102 (first order) was 0.306; the standard deviation was 0.047; and the standard error of the mean was 0.016.
These data show that it is possible to express the renin activity of dialyzed human plasma in terms of the first-order reaction constant in the presence of the angiotensinase present when the incubation is conducted at Even though the activity of the renin in human plasma could be expressed in terms of the reaction constant, it was thought that it would be worth while to correlate reaction constant with Goldblatt units,13 since in many studies in the literature this has been the unit of activity of renin. For these studies, angiotensinase-free renin was prepared from human kidneys and standardized against hog renin by use of hog substrate. Human plasma that was vasoinactive when incubated for 1 hour at pH 5.5 at 37 C. was used as a source of renin-substrate. When incubated under the same conditions with an excess of human renin, it was capable of releasing 7.2 A.U./ml. of plasma. For the renin-substrate assay, 1 ml. of plasma was diluted with 3 ml. of saline containing 0.2 G.U. of renin.
The reaction mixtures were made up of 2 ml. of plasma and 2 ml. of 0.9 per cent sodium chloride solution containing the renin. Concentrations of renin per ml. of plasma ranged from 0.0005 to 0.02 Goldblatt units. The samples were incubated for 1 hour at 37 C. at pH 5.5. The reaction was stopped as described earlier and assayed as before in the cat preparation.
Angiotensinase-free hog renin and reninsubstrate16 were incubated under the same conditions for comparison with the human material. In this experiment, 9 ml. of 2 per cent renin-substrate in a total incubation mixture of 10 ml. were used. The range of renin concentration was the same as for the human plasma incubates. On incubation for 1 hour at 37 C. at pH 5.5 with an excess of renin, 2.8 A.U. of angiotensin were formed in 1 ml. of reaction mixture ( fig. 5) .
The data are presented in figure 6 , human Reaction constant for incubation of human renin with human plasma (black dots) and hog renin with hog renrn-substrate (white dots). Incubation 1 hour at 37 C. at pH 5.5. to express renin in Goldblatt units June 1963 available for it to act upon. Both these faetors have been taken into account in the development of the method.
The great variation observed in the concentration of renin-substrate in the plasma of patients with arterial hypertension may be of real physiologic importance, since the adrenal glands and the liver are both concerned with the formation of this factor. In the plasma of many of these patients elevated values for renin-substrate have been found. The highest levels occurred in the presenee of uremia but the renin-substrate and blood urea nitrogen concentrations did not parallel each other. Much more work will have to be done before the meaning of these findings can be interpreted.
With a quantitative method for the deternination of renin in small amounts of plasma, it will be possible to evaluate the role of renin in different states of arterial hypertension as well as in other pathologic conditions. Summary A method was described for the quantitative determination of renin in small amounts of dialyzed human plasma, utilizing the first order reaction constant.
A wide variation was found in the reninsubstrate (angiotensinogen) content of plasma of patients with arterial hypertension. Many of these patients had high concentrations of this factor. 
